The functionalization of graphene by the addition of Manganese (Mn) 
Introduction
Graphene, the well-publicized twodimensional carbon allotrope, is a versatile material with many Superlatives to its name. In the material view, graphene has been considered as a kind of ambidextrous and unique building block for functional materials [e.g., Compton and Nguyen, 2010] . It has attracted strong scientific and technological interest because of its unique physical/chemical properties (high surface area [e. g. Novoselov et al., 2005] , excellent conductivity and mechanical strength [e.g., Geim, 2009; Murali et al., 2009] and potential of low production cost [e.g., Novoselov et al., 2005; Wolf, 2013] . Graphene has shown great potential in many fields, such as electronics and energy storage. Theoretical and experimental studies have shown that functionalized graphene can tailor the physical/chemical properties of graphene and open the possibilities of new physics on graphene [e.g., Geim, 2009] . It has been considered a desirable material for the post-silicon age [e.g., Novoselov et al., 2005; Novoselov et al., 2004; Novoselov et al., 2007] . The most entertained properties of the graphene are an ambipolar electric field effect along with ballistic conduction of carriers [e.g., Novoselov et al., 2004] , tunable band gap [e.g., Zhang et al., 2009] , and high elasticity [e.g., Lee et al., 2008] . Evincing all these enormous potential in the electronic device community researchers led their focus on its use on various practical purpose, for example, field-effect transistor, transparent electrode, super small transistors,
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Journal of Nepal Physical Society August-2015, Vol. 3, No. 1 super dense data storage, increased energy storage and solar cell efficiency etc. [e.g., Wolf et al., 2013] . The interaction of graphene with foreign particles can be understood in two types of adsorptions: chemisorption (due to local electronic rearrangement) and physisorption (due to non-local electronic interactions, named van der Waals forces) [e.g., Ferrari et al., 2010] . The nature and strength of interaction between the adatom and graphene is determined by the electronic/magnetic properties of the interacting particles [e.g., . Because of the strong electron-electron interactions in between graphene and transition metal atoms (TMs) with partially filled d-orbital, the materials thus formed are more susceptible to inducing a variation in the spin electronic structure. The tuning of the electronic structure in TMadsorbed graphene may open new routes for designing spintronics devices [e.g., to investigate how its spin electronic structure changes by adsorbing TM adatoms on its surface. The TMs like Mn, which shows antiferomatism [e.g., Wu et al., 2010] , is one of the interesting adatoms in nanostructures [e.g., to study the magnetic properties. Manganese-oxides attract considerable interest because of its use in the development of magnetic memory and switching device [e.g., Moritomo et. al., 1996] .
The adsorptions of some of the alkali and transition metal atoms on graphene have been already considered (at this department and outside) to study their geometrical and electronic properties [e.g., Pantha et al., 2014; Belbase, 2013; Khaniya, 2013; Lamichhane et al., 2014; Valencia et al., 2010; Chan et al., 2008] . The works reveal changes in their geometrical and electronic structure upon the adsorption of metal atoms, intending their further applications like in energy storage. However, the detail analysis of magnetic properties and the origin of their changing magnetism upon the adsorption of metal atoms on graphene have not been uncovered. In addition to the geometrical and electronic properties of Mn-added graphene, the present work reveals the origin of changing magnetism in such weakly bound systems.
Computational Details
First-principles calculations [e.g., Thijssen, 1999] are carried out to investigate the structural stability, and electronic/ magnetic properties of Mn adatom adsorption on graphene. The calculations are performed within the framework of density-functional theory (DFT) [e.g., Hohenberg and Kohn, 1964; Kohn and Sham, 1965] including van der Waals (vdW) interactions in DFT-D2 approach, implemented with the quantum ESPRESSO code [e.g., Giannozzi, et. al., 2009] . The ions and core electrons are taken care with ultra-soft pseudopotentials where as exchange-correlation part of electron-electron interactions are treated with generalized gradient approximation (GGA) formalism as described by PerdewBurke-Ernzerhof (PBE) [e.g., Perdew et al., 1996] . In the pseudopotential description, the electronic configurations 1s, 2s ²2p², and 3s²3p 6 4s²3d 5 respectively for hydrogen (H), carbon (C), and Mn are treated explicitly as valence electrons. A plane wave basis set with the kinetic energy cutoff of 35 Ry is used for the expansion of the ground state electronic wave function. The plane waves are chosen to have a periodicity compatible with the periodic boundary conditions of the simulating cell. August-2015, Vol. 3, No The adatom graphene system is modeled using single Mn adatom in the 4×4 and 5×5 super cell of graphene containing 32 and 50 number of carbon atoms. The adsorption of Mn on graphene is performed on three different sites of high symmetry: the top (T) site directly above the carbon atom, the hollow (H) site at the center of hexagon, and the bridge (B) at the midpoint of C-C bond (figure (1). For each adsorption site of the adatom-graphene, the adatom and the C atoms on graphene are relaxed in all x, y, z directions. To estimate the adsorption energy of Mn adatom, the calculations for the isolated adatom, isolated graphene and adatom graphene system are performed with the same-sized supercell of graphene. Optimization was achieved by using BFGS (Broyden-Fletcher-Goldfarb-Shanno) scheme [e.g., Fletcher,1987] until the total energy is less than 10 -4 Ry and force acting is less than 10 -3 Ry/Bohr. For the self-consistent total energy calculations the brillioun zone of graphene is sampled in k-space using the Monkhorst-Pack scheme [e.g., Monkhorst and Pack, 1940] with an appropriate number of mesh of k-points [e.g., Sholl and Steckel, 2009] . In order to avoid the interaction between the adatoms on adjacent super cells, vacuum length of supercell was made large enough i.e. 20Å along z-axis. The DOS of pure graphene and Mn adsorbed graphene is calculated for 4×4 supercell of graphene using 20×20×1 mesh
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Results and Discussion
In the present work, we have studied the adsorption of single Mn atom on different symmetry sites of 4×4, and 5×5 super cell of pure graphene. Further, the work has been extended to study the adsorption of hydrogen molecule/s on pure graphene and Mn-adsorbed graphene.
Adsorption of Manganese on graphene
A. Adsorption energy and geometry The adsorption energy (∆ E) of the Mn adatom adsorption on graphene is defined as,
Where, E G+Mn , E G and E Mn are the total energy of the adatom-graphene, pure graphene and an isolated Mn adatom, respectively. Of the three adsorption sites (H, B, T) considered, the site with the largest adsorption energy (minimum total energy) is referred to as the favored site for adsorption.
From Figure 2 , it is seen that in some of the atoms like Pd, the nearest atomic interaction gets August-2015, Vol. 3, No The adsorption geometry is obtained from the positions of the atoms after relaxation. The adatom height (h) is defined as the difference in z coordinate of adatom and the average of the z coordinates of the carbon atoms in the graphene layer. We have also calculated the distance (dAc) between the adatom and its nearest carbon atom. The adsorption of Mn on graphene produced significant distortion which is quantified by computing the maximum deviation in the z direction of the C atoms in the graphene layer from the average of their positions. The distortion of the graphene layer upon the adsorption is also calculated in terms of change in dihedral angles. In the present work; we have studied the adsorption of single Mn atom on hexagonal supercell of graphene of different size i.e. 4×4, 5×5 supercells containing 32 and 50 numbers of carbon atoms. The energetic and structural properties for the H, B, and T sites for Mn adatom adsorbed on 4×4, and 5×5supercell of graphene are summarized in table (1) The Table (1) clearly shows that the adsorption of Mn atom on different sites of pure graphene sheet is feasible. Within the same-size of graphene, its magnitude is comparable at all the tested high symmetry sites. However, it is slightly higher at the T site, independent to the cell-size when the size is enough to absorb isolated Mn without communicating to its Medeiros et al., 2010] , whereas that value for Mn needs to be greater than 15 Bohr.
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August -2015, Vol. 3, No. 1 mirror image. From this information, it can be concluded that T site is the most favorable site for the adsorption of Mn within the small energy barrier of diffusion. The adsorption energy of an adatom, in general, increases on increasing the size of the substrate [e.g., Ding et al., 2011] . The adsorption energies of Mn on T site of 4×4, and 5×5supercell of graphene, however, are equal with magnitude 0.22 eV. This implies that the adsorption of Mn atom on graphene sheet with 18 or more number of carbon atoms is no more size-dependent. The magnitude of adsorption energy of Mn comparing to that for other adatoms shows that Mn is weakly bound on graphene, and the conclusion is consistent with the previous result [e.g., Valencia et al., 2010] . The present calculations reveal that the van der Waal's interaction plays vital role for such type of weak binding. Table (1) further shows the adatom height, the nearest carbon distance from adatom and the distortion in the graphene plane upon the adsorption of Mn atom on different sites of graphene. In 4×4 unit cell, the height of Mn from the graphene sheet is the smallest, and the distortion of the sheet is the largest upon the adsorption of Mn at T site. The parameters are consistent to approve that Mn is more interactive at T site (with the highest adsorption energy) than at the other sites. The pure graphene sheet has bond length of 1.42 Å, bond angle of 120 o , and dihedral angle of 0º in between the carbon atoms. Upon the adsorption of Mn atom, the system gets maximum changes in bond length, bond angle and dihedral angle respectively as of 0.01 Å, 0.5º and 1.7º on T site of 4×4 supercell of graphene.
B. Electronic structures
In this work, we have computed the electronic density of states and band structures of pure graphene and Mn adatom graphene. The Kohn-Sham DOS is computed for Mn atom adsorbed on the T site of the 4×4 supercell of graphene using 20x20x1 Γ-centered Brillouin zone-sampling. The energy eigen values are smeared by `Marzari-Vanderbilt' [e.g., Marzari et al., 1999] smearing of width 0.001 Ry.
The DOS of pure graphene obtained from the spin polarized calculations find Dirac point at Fermi level (not shown in figure) . The result is consistent with the well-known fact that the Size of graphene super cell August-2015, Vol. 3, No. 1 valence and conduction band meet at the Fermi level. The symmetric nature of DOS for spin up and spin down evince the non-magnetic nature of pure graphene. Figure 3 , [up] shows the DOS of Mn decorated graphene. The vertical dotted line in the figure represents the Fermi level as reference. In the figure, the Dirac point shifts below the Fermi level and the structure becomes non-symmetrical upon the adsorption of Mn. The asymmetry, nearby the Fermi level, can be seen around -3.9 eV, -0.93 eV and 0.8 eV due to the contributions from different orbital's of the Mn atom ( figure 3, down) .
Site of adsorption
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The results agree with the previous study [e.g., AlZahrani, 2012]. The non-symmetrical DOS indicates the magnetic nature of Mngraphene system, and is quantified as 5.48 µ B in case of Mn-added 4×4 supercell of graphene. The value comes in good agreement with the previously reported value, 5.62 µ B , within the difference of 2 % [e.g., . The magnetization of Mn added graphene (5.48 µ B ) is different from both of the pure graphene (0µ B ) and isolated Mn atom (5.0 µ B ).
To have a better understanding of the magnetism of adatom adsorpted on graphene, we illustrate the (Projected Density of States) PDOS of the adatom on Mn-graphene and DOS of isolated Mn atom (figure 4). In the case of Mn added graphene, the present calculations indicate that the system is ferromagnetic (FM) (consistent with ref. 13) with a net magnetic moment of 5.48 µ B per unit cell. On the other hand, the net magnetic moment of isolated Mn is 5.00 µ B per unit cell. This increment of magnetic moment of Mn-graphene system is due to rearrangement of electronic charge of 4s, 3p, and 3d orbitals of the Mn (Figure 4) . Having known that a defect-free graphene structure performs no magnetic moment, this value strongly suggests that the adsorption of Mn on the graphene induces the magnetic properties on the substrate.
Since the normal ground-state electronic structure of Mn atom has the [Ar]3d5 4s² configuration, the 4s shell is closed with two electrons and the exchange interaction favors as many electrons having the same spin orientation as possible (3d5 Mn). The additional low lying electrons 3s²3p6, which are considered valence electrons in the present calculations, are also filled and do not contribute to the magnetism of an isolated Mn atom. From the present 
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Journal of Nepal Physical Society August-2015, Vol. 3, No. 1 August-2015, Vol. 3, No Graphene is a single atomic layer of graphite containing a honeycomb lattice of carbon atoms. Each carbon atom in the lattice, with four valence electrons, interacts with its three nearest-neighbor carbon atoms through strong bonds. The bonds are the result of the sp² hybridization of the 2s, 2p
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x and 2p y orbitals of three valance electrons. These electrons are localized, and do not contribute to electronic (transport) properties. The fourth electron occupies the 2pz orbital which overlaps with 2pz electron of neighboring Carbon atom to form П * -bond. This electron has higher energy than that of electrons which form the Sigmas bonds, and are delocalized over the entire lattice. The electronic properties of graphene are determined by these delocalized electrons. The band structure in graphene originating from pz orbital, hosting the fourth valence electron, is due to the dispersion of bonding or antibonding orbitals. The bands which correspond to the dispersion of bonding and anti-bonding molecular orbitals are called Д (valence band) and Д*(conduction band) bands.
The band structure of solid can be plotted in a usual way along the lines defined by the high symmetry points on the edges of their reducible brillouin zone. In the present work, we calculate the band structure of graphene along the path Г-K-M-Г in an irreducible brillouin zone. The band structures of pure graphene is shown in Figure ( August-2015, Vol. 3, No. 1 Upon Mn adsorption, we find that a flat band appears just under the Fermi level ( Figure  6 ) (the Fermi level is set to the band center and all energies are plotted relative to the Fermi level) due to majority spin bands, which corresponds to the Mn 4s orbital, as can be derived from the local density of states (LDOS). In the case of minority spin, the Mn atom introduces localized states with d-orbital character near the Fermi level in the conduction band, which can also be concluded from the minority d-orbital [e.g., Geim, 2009] . The majority and minority spin channels could be noticed at PDOS plot for individual orbitals at Figure 4 , however, only the majority (upspin) contribution in total DOS is shown in Figure 6 . Comparing Figures  5 and 6 , it can be concluded that the conduction bands are modified and move down due to the coupling between the Mn atom and graphene
Conclusions and Concluding Remarks
The functionalization of graphene by the adsorption of transition metal atom (Mn) to its surface has been investigated computationally using first-principles density-functional theory calculations within DFT-D2 level of approximations. The calculations aim to investigate the stability, electronic and magnetic properties of Mn decorated graphene sheet.
The values of adsorption energy of Mn at different sites of graphene suggest that (within the small difference in energy) the top site is the most favorable site for its adsorption on graphene sheet. The equilibrium distance of Mn atom from the surface of graphene sheet, calculated in 4×4 supercell of graphene, is found to be 2.05Å and the value agrees well with the previously reported data. The band structure analysis of the pure Graphene and Mn decorated graphene systems shows that conduction and valence band meet exactly at the Fermi level in the former case. This reiterates that the pure graphene is zero band gap semiconductors. The study also observes that the conduction band and valence band overlap upon the adsorption of Mn atom. The investigation of the density of states (DOS) of pure graphene approves the non magnetic nature of pure graphene. In the case of Mn decorated graphene, however, DOS for up and down spin are not symmetrical, and indicate that the Mn decorated graphene system to be magnetic. The change of DOS of Mngraphene system is due to the rearrangement of charge distribution at 4s, 3p, and 3d orbitals of Manganese atom. The study reveals that the London dispersion interaction contributes August-2015, Vol. 3, No 
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